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Main Text

Until recently, most asteroids were thought to be solid boclies whose shapes

v’erc determined largely by collisions with other asteroids [1]. It now seems that,

many asteroids are little  more t hau rubble  piles, held together by self-gravity

[2]; this means that their shapes may be strong]y  affected bY tides during  close.

cmcouuters  with plauets. Here we report numerical simulations of encounters

between a rubble-pile asteroid and the Earth. After the encounter, many of the

simulated asteroicis have the same distinctive shape (i.e., highly elongated with

a single convex side, tapered ends, and small protuberances swept back against

the rotation direction) and rotation rate as 1620 Gcographos.  Clur simulations

inc]icate that asteroids affected by titles may often have small satellite conlpan-

ions, which were torn from the original body. MTe suggest that 433 Eros, which

will be visited by the NTEAR spacecraft in 1999, has been molded by tides and

may therefore have a satellite.

‘J’lle sha~ms of smwal  Hartll-crossing  asteroids (lX;As) l)ave nmv 1.Kw1 illferrd I)y dcl1ay-

I)ol)])lcr radar tdllliqucs  [3]. l’hc sillloucttc  of t}lc S-class astcrc)icl  1620 Cmgrapllm  (Fig.

1) l]as dilllulsic)lls  of 5.11 x 1.85 kill (2.76 x 1.0, l]orlnalizd),  makil~g it tllc nlost  elollgatd

object ~@ found ill the solar system [4] [5]. Its rotation pmicd  (5.22 h) is s]iort mougll  that

loose nlat mial is scarcely bound centrifugally near t I]c ends of t h{’ bocly [6].

It lias lm’li suggmtd that (kwgral)llos’s sl)a]w is diagnostic of a ueak  ‘“rlll)l)lc-l)ilcs’

ast woid distort d 1 )J” t iclm durirlg a Close  ])laliet arjf oIIcou  IIt  cr [i’]. Sc\wal lines  of evidcl]cc

su])l)ort t l)t’ idea that astmoids  arc oft ml rul~l)lc l)ilm, aggrcgatcx c)f sr[laller  fragl]lmits  IICIC1

togctller  I)Y self-gra~’ity  rather tllall l~latuial  strength:  cwlnct Sll{)el~lakctr-I,c’vy-9  (S1,9) ~~’as

tidally disr~ll)td  ]Iear Jul)iter  [8]; C-class asteroid  253 N!atllilcle has a re~ntirlial)]y IOM dulsily

( 1 . 3  g C]ll- ‘{) [9]: of 107 astooids  slllall(’r tl]all 10 k]]], lio]lc  has a rot at iol] 1)(’rio(l sl]ortIIr

tlltil] 2.27 II. s~lg~(’sting  II() strf’llgtll [10]; 1111111(’rical lIydr(Kwdr si~lllllatio~ls,  US(I(I to II](J(l(I1

lal~c (“rat (r-f”i)rll)ili~  (’~(’llts 011 l’llol)(w, (;asl)ra,  alId lda, sllg~mt  that rlll)l)lc l)iles sllrvil(’
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of tidal disru])t  ion: (a) lvc use ])rogcnitors ~vit]l slla]m silllilar to nlally  EC.As (dimcnsimls of

2.8 x 1.7 x 1.5 km) rather tl]all sl)llcrical l)mgellitors }frllicll  arc lnorc  stal)lc against  tidal dis-

ru~)t  ion; (1)) our ]node] IU1)l)lC  ~)iles rotate mw a ra~lgc of sl)il~  lmiods  (1’ == 4, 6, 8, 10, 12, 2(1,

and 1] = m, 11) and sr)irl axis orientations; lnost ~)rm’ious I])odcls igllorcfl  spin, Ivllicll  si~-

Ilificallt IJ’ aids tidal break-ul); (c) our })latid ocellt ric t rajwt orim arc 11~’l)erbolic rat IIf’r t IIall

l)aralmlic: ali(l (d) \ve illcoqmrat  e frict ion and Pl](Irgy (Iissilmt ion JJ’lLcII lmrl iclus Colli(lr;

prmious  lllode]s  oft C1l assured (’last ic or ~wrfwt  ly illc]ast  ic mllisiolls.

‘1’llr  t i(la] (’ff(’cts mlwimlcd (Illrillg all as[rroi(].s  cl(w(’ a])l)l(mcll t () l~?lrt  II arv (Ict cr-



lllill Nl l))’ tll(’ ii St(’I’oi(l’S tra,j(xtorj.  l’otatioll.  ” all(l ])ll}”si[”al  ])1’()])(’l’t i(’.% \\-(I lJ;IJC syst (Ill]at i-

(allJ- ll)al)lwcl  1 Ilf.’sc out Collles acrordill~ to t lIC ast croicl’s  lx’rigw (list allcc (f. al)})roacll SINWI

7X. rotation  ~)criod 1) , sj)ill axis oriclltatioli. al)(l  oriultatiol]  of tllc astwoid’s  long axis at

l)(,li~(’c  [18] [19]. SClwal dist illct  out Colllm for tidal disrul)t iol) are fo~[[ld. t llou~ll llcrc ~~c

u)~lwlltratc  ON those that  I)r(Klucc  <;f’oglal)llos-t~rl)c”  ol)jwts  (i. e.. a sulwt  of t lIOSC ~fll(’w

II]) t o LO(Z of ol)ject’s  illit  ial lllass is st ril)l)d off: ol)jwts  losil]g ]]lorc t IIali 50(X uIid[Irgc)

Sllc)[lllak(’1-l,  [’\y-9-tyl)(’ disrul)t ions).

Fig. 2 s})cnvs a “t:’J)ical”  outcolne. l’l]e asteroid’s equi~mtwtia]  surfaw to ]vllicli  a liquid

vwu]d ada~)t is dct mni]ld  by illwqmrat  ing local gravity, tidal and centrifugal t mms. Near

lwrigw.  t IIis surf am ko]llcs a mow Cloligat  d ellipsoid ~~it h its lollgcst  axis orient d t mvards

ljart  11. W’it]l  a ru})l)le l)ilc,  ~)articlm  almtrc t lie Iletv aliglc of rqmse can roll or slide dm\IAolx’

to fill tllc ‘“low’  S])ots”, and thml)y further Illodify  tllc Idy’s ]mtmltial. .4s a comcquenm.

t h e  rul)l)le-])ilc is clongatwl and. as tile ]Janet  j)ulls on tile bodj’, its rotatioli  rate altered.

‘1’l]cso  forces can also I)cnd onc side of tile ldy lilw lmr, ~)roducillg  a collvcx sllalw 011 olic

size al)d a “llllllll)’”-like  ItloulId of IIlaterial 011 tllc other.

hlass lllo~elnc]lt  occurs Ivlicll  tile t o t a l  force oll a lmrticle near tile astcmid’s  til)s i s

ilmfficimlt  tol)mvide thcmltri fugal accelc’ratio~l  IImlecl to mai]ltain  rigid Imly rotatiol].  <Is

clutm)s  of ~llaterial  am lifted ofi’the tiI)s, tl)q’ arc suq)t t)acli~vard  ill tile qllatorial  ~)lallc  1)~’

tlleaster{Jid’sr  c)tatic)ll. Materiallcft  l)ellillcl  frecIllelltly l)l('servf'st  llissl)irals  igllatl  1lcJascLls~)s

}mitlting  away from tile rotation  direction. III mal]y cases, tllme fragmmlts  renlain  Imul]d I)llt

scl)arate  from th~’ Inodr] asteroid, m’atillg  a Illultil)le  sj’stem u’hit]) somctil]lm  dj’llal]licallj’

evol~w into a l)inary system. II) sinlulatiolls  of tidal C]lcoulltms,  l)i]lariw malw UI) N 10(X of

tll(lc’lltil(’kill-siz(’cl  ECA ~ml)ulati  on. l)c)ssil)lJ’  exl)laillillg  tllec)l)sclv(’(1  ~)ol)lllatiollofclolll)l(t

Cratt’rs 0]1 tllc tmwtria] I)lallets  [24] [25].

‘1’o~m~ral)ll~’ also l)lays a role in tllc cffwtilw less of tidal defonnatiol~. ‘1’l]c stm]gtll  of

tidal a~l(l  mltrifllgyal  t(’lllls(lc’1)(’llcls  011 each l)articlc’s  l)ositio~l  [26], su(ll that SC)lI](I  I)articlw

lic fllrtller al)(n-(’  tllc local allglc of  rq)mc tllall  others. Si]lw ollr IIlodc] ast(lroid, lik(’ r(Ial

EC.As. isll(’itll(’la  ~mfwt  (Illilwidllora fllli(l, tll(’ll(~~(listolt(’(1  sl];i])(’  isil]flll(’11((’(1  l)Y tllc



lJf)(l~"sg lalllllallla  tlll('(i.f .. fli(titJllal  k(l(c)llll  )()1l(`llt  size afi’wt 111(’ sll(’~l~ll lo ftll(’la ll(lslitlo.”

]lu]cc.  lmrlicles lr:ik lllorc rwdil~  oflollc  clld tllall  tllc otlle]. c)ftf,ll acc(’lltllat(d  l)y lilllit(’(1

lmrticlc lllolcl[lolt  l)eforc t]lc rul)l)lc-})ilc  r(’acllm lwrigm. “rll(’ (’11(1 that  Sll(’d Illol’c llltlss

frequ[l]t  IJ lmw]]]es Clm)giit  d. t a~md.  and llarrou  }rhm) m]ll~mrd  to t IIe st (Il)l)ier  ant il)o(le.

III ad(litio]).  tidal forms stretch one side lilw a lmli’.  givil]g tllc final })rodllct a slla]w II]{lcII

likr ii ““lmrl)oise””  or a ‘Wlllllo(l””.

“1’lICKI  (llalactc’listics.  ~irtllall~ idmltical  to tllosc  swll oll Gcogral)llm,  arc COIMWIUCIICCS

of IIloclelate-tc)-lllilcl  tidal disru~)tiolls.  l{ougll]y  IL% of tllcsc m’ellts (scald from a set of 117

runs folllld m-w Irarious valuu+  of q, 7’=, and 1)) stretdl tllc Ills.jm axm to 2.5 or so tillles tllc

size of tllc smaller axes. 1]1 addition, tile median sl)in lmriod  for tllcse distortd  rul)l)le l)ilcs

is 5.211. Ilicsalllc  as Gcogral)llos (5.221)).

Conll)i~]illg  t his data set \vit h cst il]latcs  of FX.A olcoulltcr  prolmhilit ies al~d velocit  ies \vit 11

IUartllallcll”(’lllls  [27]. Jvefilld  that at}rl)icalJ”K.A sllc)tllcl  llllcl('lgc)a  lltyj)('sc  )flIlasss llccl(li1ig

OIICCI CTWJ. N 65 Mj’r and a l~lc)cle]at(’-t{)-~]]ilcl  disrul)tion event 01102 mrcrjr N 80 hlyr  (e .  g . ,

[19]). tllcfcJllllelccJ  lllJJalalJletc,i  tsc{JllisicJ1l*atI,\vitlll;altllallcl\7c]ills.  ‘1’l)elllostlikely

disrul)tioll calldidatm  llavc lo\Y f’s and i’s, collsistcllt  \vitll Gec)gral)lIos’s  ~)roljal)lc  or])ital

histor~.  Since tile djllall~ical  lifctilllcof EC.4s against l)lallctary  mllisioll,  cc)l)llllilllltic)l],  or

t’jcct iol] I)y Jul)itm  is t]lought to Iw oll t llc order of 10 Nlyr 128], \ve predict that ~ 13[X of all

ECAs ulldmgc) lll{Jdelat[i-tc)-lllilcl  tidal disru~)tiolls,  and that 2%1 slloulcl  llavc lligllly-c’lc)lkgatecl

sl)alm like Geogra~)l]os.

OIIr success  in Suggest il)g all ml)lanatiol]  for Geogral)lkm has led us to collsidm tllc Ilcxt

ll~ost  Plo]lgatd  asteroid. Wlass asteroid 433 ~jros, tl]c targd  of tile NE.41{ ]Ilissioll. IJilw

Geogral)llm. I:rm Ilas a snort rotatioli  ~miod (5.27 hours) [31] and a lliglll~’  cloIJgatwl  sha]m

(.36 x15x 13 Ii]]l, or 2.77x 1.2x 1.0, ]Iormalizd [29] [30]: other  shalw csti]llatcs  j’icld collll)a-

ral)lc rm]lts  [31 ] ). FJvcll  more int riguin~.  llmwvcr, is I;rm’s ~K)lc-olI silllollettc,  Tvllicll,  after

(lcla~-] k)l)l)lcr radar lllodclillg,  look lilic a liid~lc~’  Iwall (F’ig. 3) [30]. It is likcl~’ t IJtit Eros’s

/11’(”11(’(1  l)a(”li  illl(l  t a])(’I’(ld  (’11(1S are anal O&oil S t 0 silllilar f(’at 111’(’s 011 G(’ogl’a])llos.” t 11( ’111s(’11’($

l)r(KII]cul  1)~” sl)iral d(’fol”Jllat ions associat d \vit 1] t idill forcw. .A(l[litiollal cf)llll)arisolls call
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INI n]adv {JIJcc IIigll  rm)lllt  ion illlages frolll X}~.AI{ ar(I 01)1 ailld ill 1999. llomnvr.  st ~l(liw of

Eros-s (Jrl)it suggest that  it Illay llavr I)wll oll a IC)lv-illclilltitioll  (1(’(’1)1~-clc)ssillg  I-krtll-crossins

orl)it in 111(’ IJast: secular rmollallws  (vq and vl~) IVerc l)rol)al)ly  rm~)ollsil)le for ~)lacin~  I~ros

in its nlrrcnt solely \lars-crmsillg orl)it [14] [1 5] [1 7]. Gi\vlL these IJrol)elt ies. and t lle fact

that tidal eff’wts arc. ill .gC’licml.  strollgcr  for larger ol)jwts  [26]. \Yc suggest that I~ros is also

a Iidallj  distortd  rlll)l)lc-l)ilc. If true.  Illell tllcrc is also a rcasollal)lc  lmssil)ility  that Ems

has a s]l]all satellite ])roducd Ly tidal fission (e.g., l’ig. 2) [24].
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Figure Captions
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Figure 3: 1)01+01] sillloucttc  of }~ros: IMscd 011 ]llodel  \vllcrc radar data lVIIIII fit t o a rcf-

m~]ce dli~micl using 508 triangular  facets ddillcd  I)Y XXi vwticcs  [30]. TIIC sillloucttc

i s  vimd frmn tllc astcroid;s  south ~mlc  at mm rotation  l)llase lvitll t}lc radar at tile

I)ottol]l.  ]kfinitiolls for Ccl)ter  of figllre, center of rotation, and rotation dirwtioll arc

t hc salnc as gi~ml in l’ig. 1. 1’1][’ lmdy is t alwred along its Ie]lgt 11. with a slllootl~ coll~v

side 0]1 the right side and OIIC or more mllcavit  im oll the left, makillg it look solnMllill.g

like a kidney tx’all. Resolutioll does not ~mlllit  illtcrprctation  of tllc conca~itics  on tllc

left side (i.e., Jvhether tl]q arc cratm, trou.glls,  or hlds ill I;ros’s sha~m).
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